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The object of this investigation was to study the mass 
transfer coefficients through porous water-repellent membranes, 
and their dependence on membrane thickness and rates of heat-
ing, and to compare experimental correlations with theoreti-
cally based equations. The membranes used during the ex-
perimental work were made of glass fiber treated with Teflon 
suspension and aluminum sulfate. The mechanism involves 
evaporation and condensation on opposite sides of a vapor-
filled porous membrane. Salt water evaporates from one 
interface of a non-wettable, porous membrane, diffuses 
through the vapor filled pores,and condenses to fresh water 
at the other interface of the membrane. This transfer may 
be brought about by applying sufficient heat to the salt 
solution, which will produce the temperature and vapor 
pressure driving forces. 
The experimental data and results show that, as the 
membrane thickness and temperature difference increase, 
mass transfer coefficients decrease. Correlations have 
been developed between the experimental data and theoreti-
cally based equations. 
During the investigation, it was observed that the 
mass transfer rate varies from 0.14 to 0.86 lb./hr.sq.ft. 
in.Hg. corresponding to fluxes of 0.19 to 1.32 lb./hr. 
sq. ft. 
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NOMENCLATURE 
A = area of membrane used for mass transfer, sq. ft. 
C' = concentration of diffusing constituent on the membrane 
surface on salt water side, lb. moles/cu. ft. 
C" = concentration of diffusing constituent on the membrane 
surface on fresh water side, lb. moles/cu. ft. 
= mean or bulk concentration of diffusing constituent 
in fluid A, lb. moles/cu. ft. 
= mean or bulk concentration of diffusing constituent 
in fluid B, lb. moles/cu. ft. 
D = diffusion coefficient expressed in sq. ft./sec. 
E = elevation in boiling of the salt solution, °F. 
~ = enthalpy of liquid salt solution entering, Btu/~b. 









= over-all mass transfer coefficient when the driving 
force is ex~ressed in terms of partial pressure, 







flux of water through the membrane, lb./hr. 2 ft. • 
equilibrium partial pressure of water vapor on the 
salt water side at bulk temperature, T 5 , in. Hg. 
equilibrium partial pressure of water vapor on the 
fresh water side at bulk temperature, TF' in. Hg. 
resistance to mass transfer due to membrane, ex-
pressed in terms of fugacity as the diffusion 
potential, hr. ft. 2 in. Hg. 
lb. 
temperature of the salt solution in the bulk, oF. 
temperature of the salt solution at the interface, oF. 
T2 = temperature of the coolant fresh water at the inter-0 face, F. 
TF = temperature of the constant fresh water in the bulk, oF. 
u = over-all heat transfer coefficient, Btu./hr. sq. ft. 
over-all heat transfer coefficient based on heat con-







W = amount of condensate collected, ml./hr. 
X = a variable assumed to represent thickness of the mem-
brane, defined as gms. of glass fiber/0.12 sq. ft. 
standard area of membrane prepared as described on 
page 66. 
= fi1m transfer coefficient on fresh water side ex-
pressed in Btu./hr. sq. ft. °F. 
= heat transfer coefficient for the film of salt solu-
tion, Btu./hr. sq. ft. °F. 
k = thermal conductivity of the gross vapor-solid membrane, 




mass transfer coefficient for the membrane only, 
:.ft.2 in. Hg. 
lb./hr. 
=mass transfer coefficient of a 1 gm./0.12 ft. 2 membrane 
only, based on a resistance proportional to X, as 
defined, lb./hr. ft. 2 in. Hg. 
= mass transfer coefficient for film of fluid A, units 
of mass/units time. area. concentration. 
= mass transfer coefficient for film of fluid B, units 
of mass/units time. area. concentration. 
heat input, Btu./hr. ft. 2 = 
= heat transferred by conduction through the membrane, 
Btu./hr. ft.2 
= heat losses from salt water chamber to surroundings 
divided by membrane area of transfer, Btu./hr. sq. ft. 
= heat transferred through the liquid films = total 
heat flow, Btu./hr. sq. ft. 
= amount of heat tra~sferred (latent heat) by vaporiza-
tion, Btu./hr. ft. 
~p = driving force, {PA -PA ), in. Hg. 
1 2 
6T = temperature drop from the bulk solution to bulk coolant, 
distilled water, {T5 -TF)' °F. 
A= latent heat of vaporization, Btu./lb. 
1 
I. INTRODUCTION 
The anticipated water shortages in various sections 
of the country have prompted the government to support 
research directed toward the development of cheap methods 
of producing fresh water from sea water or brackish water. At 
the least, there are three objectives that should be recog-
nized for the sake of future planning of research and devel-
opment in water desalination. The first one is the addition 
of new supplies to meet the requirements of situations that 
can absorb relatively high costs. A second objective is 
the benefaction of waters now in use which have relatively 
great dissolved mineral content. The third objective is 
the production of water at low enough cost to be generally 
usable for agricultural purposes. For each of these objec-
tives, it is interesting and perhaps essential, to see what 
sort of environment into which desalting operations will fit 
technically, socially, economically and physically. 
Desalted water is competitive today with water from 
conventional sources in some areas. Higher quality, full-
year seasonal reliability, and potentially close physical 
relationship of source to point of use are strong factors 
favoring desalination. A demand for relatively large 
amounts of drinkable water may be generated where a city 
or other large socio-iQdustrial complex requires a major 
supplemental source of water to add to an existing source 
for satisfaction of growth needs, to make up for diminishing 
2 
quantities available from conventional source~ or to meet 
the needs of a new socio-industrial unit at a point on the 
earth's surface where conventional water sources are severely 
limited. 
The oldest desalination method developed by man is 
patterned after the most important natural method, evapora-
tion and condensation. Evaporation remains the princ~pal 
method for commercial production of fresh water from sea 
water. The same principle is applied in the case of evapora-
tion through porous membranes as studied in this investigation. 
In water desalination, salt water evaporates from one inter-
face of a non-wettable porous membrane, diffuses through 
the vapor filled pores, and condenses at the other interface 
of the membrane. This transfer may be brought about by 
applying sufficient heat to the salt solution, which will 
produce the temperature and vapor pressure driving forces. 
It is possible that a single pore, with liquids ex-
cluded, can act as a small single stage of evaporation, and 
subsequently the whole porous membrane could act as an 
infinite stage evaporation system. With countercurrent 
flow, each pore may be a stage of evaporation at slightly 
different conditions from the next pore and mass transfer 
may occur similar to countercurrent heat transfer. 
The purpose of this investigation is to study the mass 
transfer coefficients in a porous water-repellent membrane, 
and their dependence on membrane thickness and rates of 
heating, and to compare experimental correlations with 
theoretically based equations. 




In this section the literature and theory are reviewed 
with regard to membranes, diffusion, similar membrane pro-
cesses, and the mechanism of simultaneous mass and heat 
transfer through a porous water-repellent membrane. Theoreti-
cal considerations which are useful in analyzing the_ experi-
mental data are also discussed. 
A. Membranes: 
Originally, scientific investigators used naturally 
occurring materials like gelatin and apple skin (1) for the 
preparation of membranes. In today's age of polymers, many 
raw materials like polyesters, alkyds, styrene, glass fiber, 
polytetrafluoroethylene, and many other pure synthetics have 
become important in the study of membrane transport phenomena. 
There are many kinds of membranes available and the 
important ones are divided into homogeneous and heterogeneous 
types (1). A homogeneous membrane is one that appears 
visually to be one phase (it may contain more phases on a 
submicroscopic level) and has uniform characteristics from 
one side to the other, usually having transparent properties. 
For example, a hydrophilic membrane is called homogeneous 
even if it contains water as a component. A heterogeneous 
membrane is one that has one component dispersed in another 
and usually one phase is amorphous. Rubber containing an 
4 
inorganic filler, or ion-exchange resin ground to a fine 
powder and milled into a plastic are the common examples. 
Organic polymers are frequently used for making membranes, 
because of their flexibility in processing, along with com-
paritively good uniformity and availability at a reasonable 
price. 
By far the most common way to make a membrane is to 
form a film directly. Billions of square feet of plastics 
and metals are formed into protective sheaths and diffusional 
barriers by this process. 
It is interesting to study the way that fluids saturate 
membranes, and how the process can be affected by various 
outside influences. Application of membrane processes have 
been intensively studied for several years and now a con-
siderable body of information is available on this subject 
( 1' 2). Heterogeneous membranes consisting of a glass fiber 
and teflon solid phase and a vapor phase were used in this 
study on water desalination. 
B. Similar Membrane Processes: 
The process of mass transfer through a non-wettable 
porous membrane differs from other d~salination membrane 
processes, such as electrodialysis, reverse osmosis and 
vapor gap reverse osmosis in the nature of the driving force 
and the mechanism of mass transfer (J). 
In electrodialysis electrical forces provide the 
driving £orce £or the transport o£ ions, and in the reverse 
osmosis processes, pressurizing sea water increases the 
5 
fugac~ty of the water ~n solut~on above that of pure water 
and provides a fugacity d~fference to dr~ve water diffusion. 
In evaporation through porous membranes temperature d~ffer­
ences produce a vapor pressure and vapor concentration driving 
force for water vapor transfer. 
c. D~ffus~on and Basic Mathemat~cal Theory: 
D~ffusion is the process by which matter ~s transported 
from one part of a system to another as a result of random 
molecular mot~ons. In the membrane separation process a 
dist~nct~on must be made between activated d~ffus~on (4), 
(which ~nvolves molecule-by-molecule motion from trans~ent 
vacancy to transient vacancy with cons~derable energy and 
~nteraction between membrane and penetrant) and convective 
flow (which ~nvolves the multimolecular flow through con-
t~nuous interconnecting pores without any sign~ficant ~nter-
action between membrane and penetrant). It is also ~mportant 
to dist~nguish between permeation and diffusion. Permeation 
involves solut~on of the penetrant ~n the membrane, activated 
diffusion ~n the d~rect~on of min~m~zed free energy, and 
desorpt~on (4) of the penetrant on the other s~de. There-
fore, d~ffus~on is but one of three s~multaneous events 
occurr~ng during the permeation of any penetrant. Other 
modes of diffus~on (5, 6) are thermal, free molecular and 
adsorpt~on diffusions. 
Transfer of heat by conduct~on is also due to random 
molecular motions, and there is an obv~ous analogy between 
the two processes. This was recogn~zed by F~ck (7), who 
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first put diffusion on a quantitative basis by adopting the 
mathematical equation of heat conduction derived some years 
earlier by Fourier (8). The mathematic~theory of diffu-
sian in isotropic substances is therefore based on the hypo-
thesis that the rate of transfer of diffusing substance 
through unit area of a section is proportional to the con-
centration gradient measured normal to the section, 
(2.1) 
Where NA is the rate of transfer per unit area of section, 
C the concentration of diffusing substance X is the space 
co-ordinate measured normal to the section, and D is termed 
the diffusion coefficient which can be expressed in units 
2 -1 
of length time • The negative sign in equation (2.1) 
arises because diffusion occurs in the direction opposite 
to that of increasing concentration. 
D. Theory of Heat Transfer: 
When two systems at two different temperatures are 
brought into contact, energy is transferred by means of 
heat transfer. From an engineering point of view, the 
determination of the rate of heat transfer at a specified 
temperature difference or vice versa is the key problem. 
Heat transfer can be divided into conduction, radiation, 
and convection. In this process conduction and convection 
are the main modes of heat transfer. 
Conduction is a process by which heat flows from a 
region of higher temperature to a region of lower temperature 
7 
within a medium (solid, liquid or gaseous) or between differ-
ent mediums in direct physical contact (9). According to 
the kinetic theory, the temperature of an element of matter 
is proportional to the mean kinetic energy of its constituent 
molecules, and conduction involves the transfer of this 
molecular kinetic energy to adjacent molecules by collision. 
Conduction heat transfer also depends upon the thickness 
and the material. 
Convection is the transfer of molecular kinetic energy 
by eddies or flow of larger masses from one region to another. 
Convection heat transfer coefficients depend on the properties 
of the fluid, the characteristic dimension of the system, 
and on the velocity of the fluid past the surface (10). 
In these experiments of water desalination, heat is 
supplied to a salt water compartment and heat transfer takes 
place through a membrane to a fresh water compartment under 
steady state conditions. In both the salt water and fresh 
water sections, stagnant films exist through which heat must 
be transferred to and from the membranes by conduction. 
Heat is transferred from the hot fluid to the cold by 
the following steady state processes: (i) from the 
warmer fluid (solution or mixture) to the membrane surface, 
(ii) through the membrane by conduction, (iii) through 
the membrane pores with vapors as latent heat, and (iv) 
from the condensing surface to the colder fluid. To 
utilize the heat supplied for maximum water transfer, it 
is desired to have maximum heat transfer by vaporization. 
8 
(iii), and a minimum by conduction, (ii). 
A heat balance around a salt water compartment into 
which water is entering and from which water is being 
evaporated into a membrane, gives: 
(2.2) 
where q =heat input, Btu./hr. ft. 2 
qC = heat transferred by conduction through the membrane, 
Btu./hr. ft. 2 
= heat losses from salt water chamber to surround-
ings divided by membrane area of transfer, Btu./ 
hr. ft. 2 
1\r = enthalpy o:f vapor leaving salt solution, Btu./lb. 
HL = enthalpy of liquid salt solution entering, Btu./lb. 
NA = flux o:f water evaporated into the membrane, lb./hr. 
ft. 2 
or 
where qM = NA (HV - ~) = equal net heat removed by evapora-
tion, Btu./hr. ft. 2 
The basic relation for heat transfer by steady uni-
directional conduction was proposed by the French scientist, 
J.B.J. Fourier (11) in 1822. It states that qC' the rate 
o:f heat flow by conduction per unit area,along the x-axis 
normal to the heat transferring area is equal to 
where k is the thermal conductivity of the material (including 
9 
pores of the membrane) dT/dXis the temperature gradient along 
the heat conduction path. 
For sensible heat transfer from one fluid to the other, 
it is customary to employ an over-all heat transfer coeffi-
cient, U, based on the over-all temperature difference between 
the two fluids,~T. 
q = UAT (2.4) 
Brown {12) suggests the relation between over-all heat transfer 
coefficient, U, and the resistances or film coefficients of 
heat transfer, can be written as 
.l = u (2.5) 
where h 8 and hF are individual film coefficients {for solu-
tion and coolant liquid in this particular investigation of 
water desalination) expressed as Btu./hr. sq. -Pt °F. .L • k and 
xare the mean thermal conductivity and thickness of the wall 
{or membrane in this case). 
The mechanism of heat transfer through the pores of a 
membrane is complicated because of phase changes taking 
place along the path of simultaneous heat and mass transfer. 
The water vapor diffusing towards the cold surface carries 
latent heat in addition to that normally transported across 
the boundary as a result of prevailing temperature differ-
ence. In general, the conduction of heat in a gas or vapor 
with simultaneous net mass transfer in the same direction 
of heat flow is greater than if the gas were stagnant (13). 
This is. known as "Dufour Effect" or"Diffusion-Thermo Effect". 
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E. Mass Transfer and Its Theory Related to Membrane Processes: 
The movement of one or more components within or between 
phases occurs in many unit operations and is known as mass 
transfer. The transport of one constituent of a fluid solu-
tion from a region of higher concentration to a region of 
lower concentration is called diffusion. The mechanism of 
r 
mass transfer is analogous to heat transfer.) Heat is trans-
ferred in a direction which reduces an existing temperature 
gradient and ceases when there is no longer a temperature 
··-di.fference. Mass is transferred by diffusion in a direction 
which reduces an existing concentration gradient and ceases 
when the gradient is reduced to zero. The rates of both 
heat and mass transfer depend on a driving potential and a 
resistance. The mechanism of mass transfer depends large~y 
on the dynamics of the fluid phases. 
Boiling a salt solution results in a liquid phase 
enriched in salt and a vapor phase containing little or no 
salt; the two phases are readily separated (14). The two 
phases (or regions within a single phase) develop different 
concentrations because of the difference in concentration 
established as equilibrium is approached and the different 
rates of transfer of the constituents. Generally, separa-
tion processes depend on concentration difference at steady 
state conditions. 
If NA represents the flow of water expressed as lb./hr. 
sq. ft., then, as shown by previous studies (15, 16), the fol-





where~P = concentration difference in terms of vapor pressure, 
in. of Hg. 
KM = permeability or mass transfer coeff~c~ent, lb./ 
hr. ft. 2 in. Hg. 
The above statement (Equation 2.6) corresponds w~th Knudsen 
diffusion (17) and earlier work done by Primrose (18). The 
estimated partial pressure of air inthe membrane apparently 
has no effect on the transfer rate as would be expected if 
diffusi.on through a stagnant film were the rate controlling 
factor. 
Whitman and Foust (19, 20)~suggested that the ~nterfacial 
concentrations are equilibriwn concentrations. That is, at 
surface 5 and 6 shown in Figure 2.1, water vapors are in 
equilibrium w~th the two liquids, respectively. In terms 
of partial pressure, the vapor phase concentrat~on of water 
at surface 5 i_s assumed equal to the vapor pressure of the 
salt soJ_ution (activity of water in solution ti_mes the vapor 
pressure o~ pure water), whi~e partial pressure is assumed 
equa.l to the vapor pressure of pure water at surface 6. The 
activity of the salt soiution (7% by weight salt) was esti-
mated (21) from the data at several temperatures. 
=(r~) 
:f T+E 






where (aW)T+E = activity o:f water in solution at a tempera-
ture o:f T+E. 
(:rW)T+E = :fugacity o:f water in salt solution at T+E. 
= :fugacity o:f pure water at T. 
( :fo) = :fugacity o:f pure water, assumed equal to 
vapor pressure. 
T = temperature, °F. 
E = boiling point elevation, °F. 
A 7% salt solution was calculated to have an activity o:f 
water o:f 0.96. For all ca1culations the vapor pressure 
o:f salt water was taken as 0.96 times vapor pressure o:f 
water at the same temperature. 
F. Mechanics Associated with Simultaneous Heat and Mass 
Transfer Through a Porous Membrane: 
When a porous non-wettable membrane has a hot solution 
or mixture, section 3 in Figure 2.1, in contact with one 
side and a sufficiently cooler liquid, section 4, in 
contact with the other side, a temperature gradient is 
:formed which lead-s to a partial pressure gradient in 
the pores o:f the membrane due to the change in vapor 
pressure with temperature. The partial pressure gradient 
Figure 2.1 Schematic Diagram to Explain 
Heat and Mass Transfer Through 
Porous Membrane 
13 
is maintained by heat flow to the solution or mixture 
surface, 5, and by heat flow away from the condensate 
surface, 6, to the bulk of the fresh water. Under the 
influence of the above gradient, vapors, M, diffuse or 
flow from the higher temperature region to the lower 
temperature region where they are condensed. Because of 
14 
the water-repellent nature of the membrane, the hot solu-
tion and the coolant liquid are held out of the pores at 
respective surfaces 5 and 6, by surface tension forces. 
In this study of water desalination non-condensable 
gases were not eliminated from the membrane and were 
assumed present in the membrane pores. The vapors were 
assumed to be diffusing through the pores. However, if 
non-condensable gases were eliminated, vapors could flow 
through the pores of the membrane, with the vapor pressure 
gradient as the driving force (22). Both liquids may be 
at any convenient pressure higher than the vapor pressure 
so long as surface tension forces prevent their entry into 
the pore vapor spaces (23). 
G. Theoretically Based Equations AsSociated with Mass 
Transfer: 
The important case of mass transfer between phases 
involvesdiffusional resistances in two or more phases and 
these resistances are additive when the diffusion flux is 
15 
constant with time and diffusion path at any small area of 
the phase boundary. Figure 2.2 explains the special case 
of mass transfer from a fluid A to a fluid B through a 
membrane M. Concentrations CA and CA are the bulk 
1 2 
concentrations of the diffusing component in fluids A and 
B respectively. An over-all mass transfer coefficient, 
~' may be defined by the equation: 
where NA is the flux of A. 
Diffusion from fluid A to the surface of the membrane 
results from a concentration gradient in the fluid boundary 
layer, with a concentration drop (cA.- CA
1
_) across it, where 
1 1 
C is the concentration of the diffusing constituent at 
A1i 
the interface {19). Hence the mass transfer coefficient for 
the film, kA , 
1 
is defined as NA/(CA - CA ). 
1 1i 
The diffusional 
resistance at the phase boundary is assumed to be negligible, 
so that the concentration C' of the diffusing constituent 
at the surface of the membrane is in equilibrium with CA • 
1i 
The concentration C" in the membrane at the other surface 
is less, and the transport across the membrane results from 
the difference {C'-C"). During this study water vapor 
which is the diffusing component, reaches the other surface 
of the membrane and comes in contact with fresh water at a 
FLUID B 
FLUID A 




lower temperature and condenses. The vapor may or may not 
encounter a resistance to its flow due to a thin film on 
the fresh water side. Assuming the existence of a thin film 
on the fresh water side which offers a resistance to the mass 
transfer, the mass transfer coefficient, kA , may be defined 
2 
by: 
Here, CA is the interface concentration in equilibrium with 
2i 
C". Therefore, the over-all mass transfer coefficient, KM' 
may be expressed as 
_ 1_ 
~ 
= _1 _ 
kA 
1 




where RM is the resistance of the membrane expressed in 
terms of the same diffusional potentials as for kA and kA • 
1 2 
To sum up all the resistances, it is necessary to express 
potential gradients in the same units in each phase. 
The above discussion refers to the case where the mass 
transfer is a result of a concentration gradient only be-
tween the fluid A and B. In the case of temperature or 
vapor pressure driven mass transfer being studied, the con-
centration gradients in the fluids are opposing the actual 
mass transfer of water, but by means of temperature differ-
ences the membrane concentrations in the vapor phase are 
forced to the desired direction for transfer. Thus in 
Figure 2.2, C of water is less than CA , but by means 
A1i 2i 
of a higher temperature in fluid A, C' of water in the 
18 
membrane vapor phase is higher than C" at the cooler fluid 
B interface. An equivalent overall driving force may be 
obtained by taking the equilibrium vapor phase concentra-
tion of water at CA at the temperature of fluid A, and the 
1 
equilibrium vapor phase concentration of fluid B at its 
temperature. This provides a hypothetical vapor phase con-
centration in the appropriate direction. However, other in-
vestigators have found experimentally (15) that equilibrium 
vapor pressures more adequately represent the driving force 
than vapor phase concentrations, and an equation analogous 
to 2.8 can be used with vapor pressures replacing concentra-
tions as driving forces. 
Equation 2.8 is the relation of greatest practical value, 
provided there is some way to evaluate the terms in it. It 
says nothing about the mechanism of the mass transfer process. 
The boundary layer coefficients kA 
1 
and kA must be obtained 
2 
experimentally, or from semitheoretical correlations; and 
the evaluation of RM should be based on an understanding of 
the mechanism of fluid transport through the membrane. 
However, equation 2.8 for calculating KM is misleading 
for the situation under study, since the driving force of 
vapor pressure difference depends on temperature and heat 
flow as well as liquid concentrations. Both heat transfer 
and mass transfer resistances are involved in either type 
transfer. In this particular investigation for water vapor 
transfer from hot solution to pure water, there is only one 
19 
X 
= p -P 1 2 
Figure 2.3 Mass Transfer Through Porous Membrane 
20 
film resistance to mass transfer, which is in the solution 
layer, because there is only one component on the pure water 
side. Film resistances to heat transfer occur in both liquids. 
The rate of heat transfer through films does not equal the 
heat conducted through the membrane but includes latent heat 
associated with mass transfer. 
Equation 2.6 states that, 
NA = ~AP 
Hence ~ = NA/~ 
Approximately,~P = ~p (~T-E) where E is the elevation in 
'ltr 
boiling point of the solution. 
Also 
~ =~: = ~ (m-E)/NA 
= ~ (.1T-E)/NA 1 ~ (2.9) 
~T, the temperature drop from the bulk solution to bulk cool-
ant, distilled water, ·' may be written as 
where T 8 and T 1 are temperatures of the salt solution in the 
bulk and at the interface respectively. T 2 and TF are tempera-
tures of the coolant fresh water at the interface and in the 
bulk. Figure 2.3 indicates the physical relationships of the 
above temperatures. From equation 2.9 we have 
~p ( ) 
'WT' T -T -E 
U-L s F 
= (2.10) 
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where hF = film transfer coefficients on fresh water side, 
Btu./hr. ft. 2 °F. 
And h 5 = film transfer coefficient on the salt water side, 
Btu./hr. ft. 2 °F. 
qT = heat transferred through the liquid films, Btu./hr. 
sq. ft. = total heat flow. 
If the membrane resistance to mass transfer is proportional 
to X, a variable proportional to thickness {See nomenclature 
and membrane characteristics, page 36.), then,the following 
equation would be applicable: 
(2.11) 
where kX/X is the mass transfer coefficient for the membrane 
only. 
And (T -T -E) NA X = i>P/'()T kX 1 2 
Also, (TS-T1) + (T2-TF) = 2 ~ hF 
where if X = latent heat of vaporization, then 
qV = NAA = heat transfer by vaporization. 
(2.12) 
(2.13) 
qC = heat transfer through the membrane by conduc-
tion. 
Membrane heat conduction may be written as 
(2.14) 
where k = membrane thermal conductivit~ From equation 
2.12, by substituting qV = NA~, we have 
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kx (T -T -E) ()P~ qv = X 1 2 (J1' 
~ = qv + qc = qv [1 + :~ 
[ + 
k(T1-T2) ~ 
= qv ~(T 1 -T2-E): 
(2.15) 
NA ~ + k T1-T2~ = kx ~PA T -T -E CtT 1 2 (2.16) 
From equations 2.11 and 2. 1 2' 
(TS-T1) (T2-TF) (T -T -E) 
qT X NA 
+ + = 2- + kx aP/ln' 1 2 hF 
(T8 -TF-E) 
2NA)._ E k q1-T2 ~] X NA (2.17) = + kx~Pf~TX T 1-T2-E +- tW/bT hF kx 
From equation 2.10, by substituting for (T -T -E), sc::=::-E~} _1_ i&P/CIT {X NA + 2 NAA [ k = -- 1 + KM NA kX ()P/"&T hF kx ~~ 
_1_ 
~ (2.18) 
T 1-T2 T -T -E+E E Since can be rewritten as 1 2 = T -T -E T -T -E 1 2 1 2 
1 + T -T -E ' 1 2 
and T -T -E should be NAX/ ~ kX equation 2.18 can be ex-




where the terms in parentheses are assumed approximately 
constants and are in a form suitable for determination as 
least squares coefficients of the parametersp 
'l)P 
X, ()T ' 1 ' 
The first and last terms would permit 1/~ to go through 
a minimum value at some intermediate thickness, as some 
of the data indicated. However, if any of the terms within 
the parentheses were variable to a significant extent, this 




The apparatus used for this experimental work is shown 
in Figure 3.1. It consists of two rubber gaskets, an electric 
heater, a plastic plate, and the necessary measuring devices. 
A glass fiber and teflon membrane was sealed between two thick 
rubber gaskets. The gaskets contain holes for inserting 
thermometers and inlet-outlet tubings. The salt solution 
on one side of the membrane was heated by means of an elec-
tric heater and the fresh water on the other side was covered 
with a plastic plate from which heat was removed by convec-
tion to air. The above experimetal set-up was clamped 
together by four metal strips and four long bolts. 
details of the apparatus are as follows: 
The 
THE MEMBRANE (M): This is made from glass fiber, teflon 
suspension,with small quantities of acetic acid and alum, 
and it possesses porous, water-repellent properties. The 
teflon,which is one of the main ingredients, imparts the 
water-repellent character to the membrane. This property 
of the membrane keeps the salt water from leaking through 
the membrane pores and allows only water vapor to pass 
through the pores. For these experiments, membranes of 
different thicknesses were prepared by using quantities in 
proportion to the desired thickness ratio. The method of 
preparing the membranes will be discussed later. 
RUBBER GASKETS (G, G'): The two thick gaskets, 2-1/4" 
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inside diameter,which are made of semi-hard rubber are 
situated on both sides of the membrane creating two compart-
ments, C and C' required for containing the salt and fresh 
water respectively. Holes were made in both the gaskets 
to insert the thermometers (T) and the tubing, A and A', 
for filling the compartments. Holes were also drilled in 
the gaskets for supplying fresh water to make up the amount 
evaporated (tubing D) and for removing the condensate 
(tubing F). 
ELECTRIC HEATER (E): The salt water is heated by means of 
an electric heater which is the source of the heat of vapor-
ization. Four 75 ohm ceramic resistors in series of 10 watt 
load limit make up the heater. The heater was covered with 
a brass plate (B) which remains in contact with the salt 
water during the experiment. To get the best available 
results, the back side of the heater was insulated with 
asbestos, glass fiber,and foam polystyrene sheets to mini-
mize the heat losses. 
THE BRASS AND PLASTIC PLATES (B, B'): A brass plate (B) is 
used to cover the heating element and the plastic plate (B') 
is used to cover the fresh water chamber. Heat transferred 
by condensation of vapors on the fresh water side and by 
conduction through the thickness of the membrane is removed 
through the plastic plate. 
THE WATER RESERVOIR (R): The object of this reservoir was 
to supply make up fresh water to the salt water compartment 
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in view of the water evaporated during the process and also 
to maintain the salt water concentration constant throughout 
a run. It is a plastic container filled to the level which 
is desired in the salt water chamber, C. Techniques of 
flow pattern will be described under the section "Procedures." 
THE WATTMETER (W): The wattmeter used during the investiga-
tion to read the values of power input to the electric heater 
is made by the Weston Electric Instruments Co., and works 
on both A.C. and D.C. circuits. The wattmeter is so designed 
to have 0-100 watts with series connections and a 0-200 watts 
range with multiple connections. 
THE VARIAC (v): An "Adjust-a-Volt" variable transformer 
with a range of 0-140 volts was used to adjust the power 
input to the electric heater. 
Products Co. 
THE MEASURING CYLINDER (J): 
and graduated up to 25.0 ml. 
It is made by Standard Electric 
This is made of Pyrex glass 
It is used to collect and 
measure the amount of condensate formed during the run. 
THERMOMETERS (T): Two thermometers ranging from zero to 
two hundred degrees were used for measuring temperatures 
of salt and fresh waters. Thermometers were read to the 
nearest 0.1 degree centigrade from one degree divisions. 
MISCELLANEOUS: An electric stirrer and an electric heater 
were used for preparing the membrane. An oven was used 
for heating membranes up to 600 degree Fahrenheit. Reynolds 
aluminum foil was used to cover the membrane while pressing 
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and heating. Rubber tubing and glass tubing were used to 
make up the water line and the condensate line. 
B. Materials: 
The materials used in this investigation, their speci-
fications, manufacturer or supplier, and uses are listed in 
Appendix A, page 59. 
C. Procedures: 
1. Procedure for Making Glass Fiber-Teflon Membrane: 
This procedure is for 4.7 inches in diameter, one gram 
membranes. One gram of Owens-Corning Fiberglass AA, (one 
micron in diameter) is weighed accurately, split into small 
pieces by hand and placed in a plastic container which con-
tains about 500 ml. of tap water. Five to six drops of 
acetic acid is added so as to make the glass fiber disperse 
easily and to maintain the mixture acidic. Initial stirring 
is started with a stirrer until a satisfactory dispersion 
occurs. One-half ml. of Teflon JOB suspension, manufactured 
by E. I. DuPont, ·· is added to the above contents and mixed 
with the stirrer for several minutes. The Teflon provides 
a water-repellent surface throughout the membrane. Appro xi-
mate1y 0.2 gram o~ a1uminum su1~ate [A1 2 (so4 ) 3] in so1ution 
is then added and the slurry is again stirred for several 
minutes. The slurry thus formed is allowed to remain for a 
few minutes and then the whole thing is ready for filtration. 
The intended purpose of the alum is to cause coagulation of 
Teflon onto the fiberglass surface, and experiments verify 
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its bene~icial e~~ects (24). Alum has the chemical ~ormula 
Al 2 (so 4 ) 3 and produces ions with a +3 charge thus attract-
ing or being attracted to the negative charges on the 
sur~ace o~ Te~lon and ~iberglass. This produces a local 
positive charge which attracts other negatively charged 
sur~aces. 
Filtration is done under vacuum through a Buchner ~unnel. 
The ~ibrous mat collected in the ~unnel is the wet ~iberglass 
membrane which has to be removed care~ully by blowing air 
in the opposite direction to that o~ ~iltration. The 
membrane is then placed in between sheets o~ paper towels 
and slowly rolled with a cylindrical steel pipe to remove 
an additional amount o~ water and to increase the density. 
The membrane is then dried by heating between aluminum ~oil 
on a hot plate and occasionally pressing with a wooden block. 
At the time o~ drying, care is required so that the membrane 
doesnot turn brown or stick to the aluminum ~oil. 
The membrane thus prepared has little strength and tends 
to rupture in the evaporation procedure. For this reason, 
a high temperature oven is used ~or heating membranes ~or 
~i~teen minutes on one side and ~i~teen minutes on the 
other side at approximately 600°F. This baking bonds the 
Te~lon particles to the glass ~iber and provides more 
strength. The membrane thus prepared is tested with cold 
water as well as boiling water. I~ the tests show that 
the membrane is sufficiently water-repellent, then it is 
ready for the experiment. During this investigation, 
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membranes of different thicknesses were prepared by using 
all quantities in proportion to the desired thickness ratio. 
Otherwise the procedure is the same in all cases. The mate-
rials used while making the membrane are listed in Appendix A. 
2. Experimental Procedure: 
The experimental work is described for one single mem-
brane of any thickness at a single level of power. The ex-
perimental sketch is shown in Figure 3.1 and discussed under 
the section of "Apparatus." To begin a run, the whole 
apparatus including heater insulation and plastic plate was 
clamped between two strips of iron on each side and connected 
by four long bolts, washers, and nuts. The reservoir R was 
filled with tap or distilled water. Salt water compartment 
C and tubing D were filled with seven per cent salt solution 
through inlet tubing A. This replaced the air in the two 
chambers but not in the membrane. After the chambers were 
filled, the bent tip of tubing D was carefully dipped in 
the reservoir R. Similarly, fresh water compartment C' 
and the tubing F were filled with distilled water using 
· the other inlet tubing . A'. The bent end of the tubing F 
was dipped in a beaker full of distilled water, and the beaker 
was lowered and raised to get rid of air present in the 
chamber C'. The tubing F was clamped to a stand and the 
bent tip was adjusted at the level L'L'. As shown in the 
experimental set-up, the water level in the reservoir R 
was at LL. The water level in the reservoir at LL and 
tubing A were relatively below that of tip of tubing F and 
















Vents and Filling Tubes 
Brass and Plastic Plates 
J 
F 
Chambers for Salt and Fresh Water 
Make-up Line 
Heater 











the water level in tubing A'. Th~s adjustment of levels was 
to make sure that the flow of water out o~ tub~ng F was caused 
by the water formed by condensat~on of vapors on~y and not by 
any static head or leakage of sa~t water ~rom compartment c. 
Then the power to the electr~c heater E was turned on, 
and the desired power input was adjusted ~ith the help of a 
variac V. A wattmeter W was placed in the Circuit and it 
indicated the power input. Two thermometers T were provided 
to measure the salt and fresh water temperatures. Reason-
able time allowance was given to obtain a steady state, which 
was indicated by constnat values of tbe temperature. A 
graduated 25.0 ml. cylinder J was placed UOQer the tip of 
tubing F to collect and measure the condensate. Observa-
tions were taken every 1/4 or 1/2 hour, dep~nding on the rates 
of collection, including temperatures Of salt and fresh waters, 
room temperature, time, power input, and t~~ condensate col-
lected. Readings were taken for ten m~wbra~es at three 
different power levels. A minimum o~ six observations were 
taken at each power during the runs. 
The power input was changed as per the requirements by 
means of the variac V, and the proced~re of taking the read-
ings was repeated after steady state was ach~eved ~n each 
case. Experiments were conducted for a total of ten mem-
branes of five different thickneeses as sbowo ~n Tab~e B.1, 
page 66. A silver nitrate test was performed to see whether 
any chloride ion existed in the condensate. The presence 
of chloride ions can be detected by the ~ormat~on of white 
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precipitate, and any tests showing silver chloride formation 
in the condensate were discarded. 
D. Measurements: 
It is estimated that the volume measurements were accurate 
to about 0.25 ml. per total volume readings of 2.5 ml. or 
greater, and the temperature differences were accurate to 
the nearest 1/2°C. Time and power measurements should have 
been within about 2% of the true values. 
E. Method of Calculations: 
The following steps explain how to calculate mass and 
heat transfer coefficients for any membrane thickness at 
single power level. 
The total heat flux, qT Btu./hr. 2 ft. ' is calculated 
from the power input value, in watts, by the conversion 
q = (power x J.41J)/A T ( 3. 1) 
where A = area of the membrane for the mass transfer = 
0.0246 sq. ft. 
The flux of wat·er, NA lb./hr. sq. ft. is calculated 
from the data on amount of condensate as follows: 
NA = ml./hr. of condensate collected/(454 ~~: x A sq. ft.) 
(J.2) 
The amount of heat supply required for vaporization through 
the pores of the membrane, qV' was determined as follows: 
where By = enthalpy of saturated vapor at the salt water 
temperature, Btu./lb. 




At this stage, it has been assumed that all the heat input 
passes through the membrane, with the portions transfe r red by 
conduction and vaporization adding up to the total input. Thus 
qC = amount of heat conducted through the membrane 
at steady state, 
(J.4) 
The overall heat transfer coefficient, uc, is calculated 
from the relation 
u · c = qC/(TS-TF) Btu./hr. sq. ft. oF. (J.5) 
Here Ts = temperature of the salt water, oF. 
TF = temperature of the fresh water, oF. 
The vapor pressure data are calculated and used here to · 
evaluate the mass transfer coefficient. Boiling point 
elevation data is taken into account in calculating the 
partial pressure of water vapor on the salt water side. 
PA = partial pressure of water vapor on the salt water side. 
1 
=vapor pressure of_pure water at T 5 x 0.96 in. Hg. 
where 0.96 is the activlty of 7% salt water determined from 
boiling point elevation {21). 
PA = partial pressure of water vapor on the fresh water 
2 
side. 
= vapor pressure of' pure water at T 1 , in. Hg. 
,L)p = Driving force :for the mass transfer, in. Hg. 
= (PA -PA ) in. Hg. 
1 2 
The overall mass transfer coefficient, KM,is N A/6P lb. /hr. 
sq. :ft. in. Hg. (J.6) 
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F. Data and Results: 
The experimental data collected during the investigation 
aretabulated in Appendix D, page 69 through 80. Results 
obtained from the data . are also tabulated in Appendix D, 
page 69 through 80. 
The calculations were programmed in the Fortran IV 
Computer language and performed by an IBM 360 digital com-
puter. A sample computer program is given in Appendix E, 
page 82. 
Graphical representation of the computer results are 
made under the section "Discussion." 
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IV. DISCUSSION 
A. Introductory Remarks: 
In this study of evaporation and mass transfer through 
membranes, the object has been to investigate mass transfer 
coefficients in a porous water-repellent membrane and their 
dependence on membrane thickness and rates of heating. As 
shown on page 11, equation 2.6 states that 
NA = ~6P 
Based on this relationship, correlations have been developed 
for experimental data. 
During this desalination experimental study, tempera-
tures of salt water, fresh water and power supplied were 
considered as independent variables. Essentially, the 
volume of condensate collected timewise is categorized as 
a dependent variable. Power input and membrane thickness 
are varied within the conditions and capacity of the ex-
perimental set-up. 
For the purpose of investigation, membranes of different 
thicknesses as described in Appendix C, page 66,were pre-
pared by changing the weight of the standard 0.12 ft. 2 
membrane from 0.25 to 4.0 gms. of glass fiber plus propor-
tional additions of all the chemical ingredients. Observa-
tions were taken every 1/4 or 1/2 hour, depending on the 
rates of collection, including temperatures of salt and 
fresh waters, room temperature, time, power input, and the 
condensate collected. Readings were taken for ten membranes 
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at three different power levels 5, 1~ and 15 watts except 
for one membrane (0.25, Set I) at two levels, 5 and 10 watts. 
A minimum of six observations were taken at each power during 
the runs. The data and results are reported in Appendix C, 
page 69 through 80. The values ofthe over-all heat transfer 
coefficient based on conduction of heat through the membrane 
thickness, UC' are computed and reported in Tables I through 
X, but are not analyzed. The major reason for not utilizing 
this data is because of suspected and verified heat losses 
from several sources, leakage and evaporation of salt water, 
vapor losses out of salt water chamber vent, and losses 
through insulation. Since a heat balance was required to 
determine UC' and the losses were at least partially a func-
tion of the unmeasured heater temperature, corrections for 
losses could not readily be applied and the UC values remain 
uncorrected and in error. They are reported only to permit 
observation of any trends. 
B. Membrane Characteristics: 
The most reliable measured characteristics related to 
membrane thickness were the quantities used in making up the 
membranes. The area of membranes as prepared was the area 
2 
of the Buchner funnel used for filtration, 0.12 ft. The 
membranes were somewhat soft and not completely uniform in 
thickness, and thickness measurements depended on the 
degree of compression during measurement. Membrane actual 
weights were taken on the portion of the membrane used 
for mass transfer experiments, which were generally somewhat 
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thicker than the edges cut off. For this reason data on 
actual thickness, density, and weight per unit area were less 
reliable than weights used for membrane make up. Therefore, 
the make up weight of glass fiber was used as a measure of 
thickness, and was defined as the variable X, which was 
assumed proportional to thickness. Thus X = gm. of glass 
fiber used/0.12 ft. 2 of membrane. This variable was used 
in all correlations as the independent variable represent-
ing a measure of thickness or more accurately a measure of 
thickness times density. If mass transfer resistance is 
approximately proportional to both thickness and density of 
the membrane, as might be expected, it would make little dif-
ference if the density and thickness varied with constant 
weight per unit area, since they would vary inversely with 
each other. Variations in weight per unit area would 
probably have a greater effect, but these should average 
out proportional to the X value. Correlations based on X 
values could reasonably be applied to thicknesses of mem-
branes having a constant density in the range of densities 
used herein. 
The diameter of the membrane through which mass trans-
ferred was 2.125 inches and the corresponding area is 0.0246 
sq. ft. 
C. Effect of Membrane Thj_ckness on Over-all Mass 
Transfer Coefficients: 
In Figure 4.1 the values of the over-all mass transfer 
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the membrane, are plotted as ordinate against the membrane 
thickness, X, in gms. of glass fiber/0.12 ft. 2 area at 
various values of power expressed in watts. The graph was 
drawn by taking the average values of ~ for both sets of 
membranes at a given value of X. The graph shows that as 
the membrane thickness decreases the mass transfer coefficient 
increases. Figure 4.2 was drawn similar to Figure 4.1 ex-
cept the inverse values of ~ were taken as ordinate. From 
Figure 4.2, it may be said, as the membrane thickness de-
creases, 1/~ decreases. The curves in Figure 4.2 are more 
nearly linear than those in Figure 4.1, and thus 1/~, the 
over-all mass transfer resistance, seems more suitable for 
correlation. The possible physical explanations for this 
trend are: (i) As the membrane thickness increases there 
is a longer path through which diffusion must take place, 
and at a given temperature and vapor pressure drop the con-
centration gradient or vapor pressure gradient is reduced as 
thickness increases, thus increasing the over-all resistance. 
(ii) The chance of internal condensation inside the membranes 
also increases at higher thicknesses and/or increased membrane 
layers, and blocking of the pores could take place by a 
condensed phase offering more resistance to the mass transfer. 
D. Effect of Rates of Heating on Over-all Mass Transfer 
Coefficients: 
By referring to Fi~ures 4.1, 4.2 and Tables I to X, it 
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transfer coefficient decreases slightly but not consistently. 
Physically, this may be explained as follows: Higher po'\ver 
input values give higher temperature drops across the mem-
brane. An increase in driving force causes a decrease in 
the values of the over-all mass transfer coefficient which 
might be because of partial clogging of membrane pores with 
the salt, or internal condensation. 
In Figures 4.J, 4.4 and 4.5 . graphs are dr,awn relating 
over-all mass transfer coefficient, ~' to membrane thick-
ness, X, at various power levels for Set I and Set II. In 
Figure 4.5, because of high power, boiling point conditions 
are approached, . and could be the cause of the non-uniform 
curves. The same conclusion may be drawn in case of the 
curves in Figures 4.1 and 4.2. 
E. Inverse Over-all Mass Transfer Coefficient, 1/KM, As a 
Function of Temperature Drop, ~T: 
In order to facilitate graphical and least squares 
analysis, one representative set of data was chosen for 
each set of conditions rather than an average of all data 
for each set of conditions. This representative data is 
given in Appendix D, Table XI. 
4.6. 
The above chosen data is plotted versus~T in Figure 
As the~T value increases 1/K appears to increase 
M 
linearly. The intercept on the abscissa appears to be at 
the boiling point elevation. The reason for this phenomena 
could be that higher~T values would tend to produGe in-
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resistance to mass transfer. It is interesting that the 
erfect of both thickness and power tend to increase6T, 
and that ~T appears to have such a strong effect on ovcr·-all 
mass transfer resistance, 1/KM' as shown in Figure 4.6. 
F. Correlations Developed Between the Experimental Data 
And Theoretically Based Equations by Using Method of 
Least Sguares: 
The relationship desired for linear least squares 
analysis is in the form 
y = B X 
1 1 
and 
x 4 are parameters based on values of the independent variables, 
and B 1 , B 2 , B 3 , and B 4 are constants, which are computed by 
using method of least squares. In seeking the best relation-
ship of KM to the possible parameters, the definition of 
the best equation is assumed to be that relationship which 
gives a minimum of the sum of squares of the deviations of 
the data from the values predicted by the relationship. The 
parameters are assumed to be free of error. In order to 
compare variances of the error, the form of the dependent 
variable was maintained the same in most of the ana1yses 
attempted. This dependent variable form was 1/~, and 
according to equation 2.19, page 22, previously discussed, 
appeared to be in a suitable form for least squares analysis. 
Some of the different equations obtained by least 
squares analysis were as follows: 
( 1 ) 1 = .)64 (~T-1.4) + .12JX + 
KM 
'aP \ 
. oo 11 aT" 












= .000214 Ts + .74JX + 2.205 
SE = .7626 
.74JX .000108 'aP A + 2.27 = + 
'aT 
SE = .7625 
= .0126X (fu-1. 4) + . J 54 (~T- 1 . 4 ) + ()P A .00134 ()T 
SE = .2688 
[ PA~PA~l 
= .045X L9.92 2 J + 
PA+PA 
+ ].667 (10) 8 1 2 2 
SE = .6446 
p+p 
A A 
500]00 1 2 2 
(T.s + 46o)J 
= .00214 (~T-1.4) + .0007J5X + .000707 
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The degrees of freedom of the variances in each case 
above was 26, since there were 29 experiments and three 
constants were determined. Equations obtained by using 
four parameters were: 
(7) •t .202X . J44 (~T- 1 . 4) .722 'aP .0246{1.4} oP 
KM = + 
+ CIT + (LS T- 1 . 4 ) N A 'aT 
SE = .2688 
(8) 1 .644X 2.57 + .0677 oP + 0.122{1.4} ~p = + (x)NA KM aT ?)T 
48 
(9) 1 -- .126X + 0 99 0 ~p 6 6 lA· 4) KM . 1 + • 1 1 ()T + • 3 1 ~T- 1 • 
s = E • 285 
The degrees of freedom were 25 for the above variances, since 
four constants were determined. Out of all the above equations, 
and other investigated, equation 4 c appears to be the best 
available one, since it produced the lowest residual variance. 
Equation 2.19 derived previously for~ is 
( 4. 1 ) 
where the terms in parenthesis are assumed approximately 
constant and are in a form suitable for determination as 
least squares coefficients of the parameters 
~ 
x, aT ' 
The first and last terms would permit 1/KM to go through a 
minimum value at some intermediate thickness, as some of 
the data indicated. 
As X increases the first term contributes to overall 
mass transfer resistance; while as X approaches o, the 
last term would increase rapidly. The maximum KM or minimum 
_1_ could be determined if all the necessary "constants" 
KM 
were known. However, the results of these tests did not 
confirm the above relationship, at least insofar as the 
last two terms were involved. If any of the terms considered 
as constants were variable, the results of using the above 
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equation would be misleading. Such variations probably 
account for the lack of fit of leas~ squares equation 8, 
which is in the form of equation 4.1. 
Such techniques and graphical techniques were tried on 
a number of other parameters and indicated that the total 
temperature drop minus the boiling point elevation was 
the stronger factor in increasing the over-all resistance. 
The terms X and ~P/~T are also involved in increasing 
resistance as indicated in equation 4.1. The use of other 
factors did not tend to reduce the residual variance. Thus 
the best estimate equation found for 1/~ was 
1 
= .0126 (.6T-E)X + .00134 ~~ + .354{Ln'-E) 
KM u.J. {4.2) 
Essentially equivalent was the equation 
1 
~ = • 123X+. 0011 !~ ~ + • J64{~-E) (4.3) 
If the first two terms of equation 4.3 corresponds to those 
of equation 4.1, kX should be about 8.0 and hF about 2000, 
but both values seem unlikely as true values. These equations 
are shown in Figures 4.7 and 4.8. It seems probable that 
increasing (~T-E) values would decrease the over-all resist-
ances if its effect was primarily on the film coefficients 
However, the opposite occurred. 
IfLl'T does not increase resistance because of an effect 
on film coefficients or NA in equation 4.1, it is probable~T 
increases resistance because of an effect on k and /or~· 
The reason for such an effect may be a tendency to produce 
14 
.. ::.. __ ; ,.. ... - ~- - · . 
.. . - - ': .. --. 1 













~ 9 0 
CD 
H 












150 160 170 180 190 
temperature, T, OF 
Vapor Pressure of Water as a Function of 
Temperature (26) 
53 
internal condensation at high values of~T. In an analysis 
similar to Mickley's on ~ogging (25), it may be seen in 
Figure 4.9, that conditions with a large~T would more 
probably involve saturated vapor conditions inside the 
membrane than when lower~T values existed. Figure 4.9 
shows a large~T run as having T 8 as a salt water tempera-1 
ture and a small~T run with T 8 • TF is fresh water tempera-2 
ture in both cases. If partial pressure of water varies 
linearly with temperature through the membrane, or if both 
pressure and temperature vary linearly with thickness, the 
conditions within the membrane, represented by the line 
from T 8 to TF' would come much closer to saturation con-
ditions in the case of larger~T values than in a run with 
small~T values. Internal condensation would thus be more 
likely with high~T values, and this would tend to increase 
thermal conductivity, k, and decrease mass transfer coeffi-
cient, ~· Both of these results would tend to increase 
1/~ as~T increases as indicated by equations 4.2 and 4.J. 
It is difficult to establish the· relationship between 
equations 4.2 or 4.3 and equation 4.1, because of the 
possible effect of~T on both kX and k. However, from these 
observations it is concluded that probably internal conden-
sation is a contributing factor in the resistance of the 
membrane. Internal condensation blocking the pores might 
also explain the independence of the mass transfer resistance 
from the partial pressure of air in previous experiments {15), 
because an important part of the resistance could arise as 
a result of condensation and evaporation resistances on the 
interface of internal droplets. Such condensation would 
also tend to occur in the larger pores {because of surface 
effects on equilibrium vapor pressure), and thus possibly 
increase the importance of Knudsen Diffusion (17) through 
the smallest pores. Knudsen diffusion would be dependent 
primarily on vapor pressure differences. 
The data and results taken for the least squares 
analysis are tabulated in Table XI, page 79. In equations 
4.2 and 4.3, the membrane thickness, X, is expressed as gm. 
glass fiber/0.12 sq. ft., as prepared. By conversion of X 
in equations 4.2 and 4.3 into WA' membrane actual weight 
in lb./ft. 2 , the new equations would be: 
• 354 {6.T-E) + 
1 
= 4.78 WA + .J64~T-E) + 
KM 
G. Consistency of Results: 
?)P \ 
• 001 1 ()T 1\ 
{4.6) 
{4.7) 
Three groups of experiments have been performed on this 
method of desalination. The . first and second groups were 
obtained by previous authors (15, 16h and the third group 
was completed by this author. 
In comparison to the first group of experiments per-
formed by Tanna (15), these experiments were made on the 
same type of apparatus, but the temperature differences 
were considerably less, and membrane densities were mbre than in 
the first group of experiments. Equations 4.6 and 4.7 
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predict considerably lower values of ~ than were obtained 
in the first group, primarily because of the temperature 
difference effects. It appears tha·t the temperature effect 
in . equations 4.6 and 4.7 cannot be extrapolated to high 
temperature differences and different membrane densities. 
However, it was. observed in some of the first group of 
experiments' that ~ tended to decrease with increased~T, 
as is indicated by equations 4.6 and 4.7. 
The second group of experiments. was reported by 
Rohatgi (16} and was carried out on a larger area flow type 
of apparatus. Membranes used were somewhat more non-uniform 
in thickness and had a density similar to those of the fi~st 
group, and less than the average density in this work. 
Temperature differences were larger than most in this work, 
but less than in first group of experiments. In the second 
group results, at the higher flow rates, the values of ~ 
were generally within 20% of the values predicted by equation? 
4.6 and 4.7. At lower flow rates, the ~values experi-
mentally obtained were lower than those represented by 
equations 4.6 and 4.7. It is possible that prediction of 
~at high flow rates in Rohatgi's (16) work was a result 
of chance alone, but it may indicate that there is a major 
change in the effect of~T as higher~T values are used. 
The fact that equations 4.6 and 4.7 do not apply to 
the earlier work (15, 16) does not necessarily reflect any 
inaccuracies, but indicates that other parameters such as 
membrane density, flow, and convection effects should be ' 
considered in any equation to predict coefficients. 
H. Recommendations: 
The following recommendations are suggested for future 
work on this method of desalination: 
(1) The empirical equations suggested by the author should 
be verified by more work at different conditions and membrane 
densities. Apparatus should be improved or heat losses 
calibrated to study heat transfer in membranes simultaneously. 
(2) Values of the resistances to mass transfer at the liquid-
membrane-vapor surface should be determined. 
(3) For more fundamental work, the diffusivity of the mem-
branes should be related to parameters such as temperature, 
pressure, molecular weight, membrane composition, and mem-
brane density. 
(4) Different types of commercially available water-
repellent membranes should be studied to determine applica-
bility to this method of desalination, and their heat and 
mass transfer coefficients should be determined. 
V. CONCLUSIONS 
The following conclusions have been drawn from the 
data and results obtained for the method of desalination 
investigated during this work: 
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(a) Membrane thickness has an effect on over-all mass trans-
fer coefficient. As the membrane thickness increases, the 
mass transfer coefficient decreases. 
(2) Rates of heating appear to have some effect on over-all 
mass transfer coefficient. As the power input increases, 
over-all mass transfer coefficient decreases slightly. 
(3) The strongest effect on mass transfer coefficient 
appears to be that of temperature drop across the membrane. 
This effect probably arises because of internal condensation. 
(4) The analysis of results shows that internal condensation 
is probably an important contributing factor in the resistance 






Teflon Dispersion: E. I. DuPont's Teflon JO-B dispersion 
was used for making the glass fiber non-wettable porous 
membranes. It contains 59.0 to 61.0% solids, and density 
of 1.5 gm./cm3, a pH of 10.0 and a viscosity of 15.0 
centipoise at room temperature. 
Glass Fiber: Owens-Corning "Fiberglas" AA of size one 
micron diameter was used for making the membranes. 
Aluminum Sulfate: Reagent grade aluminum sulfate crystals 
in water were used during this investigation. 
Acetic Acid: Glacial acetic acid of reagent grade was used. 
Salt (Sodium Chloride): Reagent grade NaCl was used for pre-
paring 7.0% salt solution by weight, for evaporation. 
Distilled Water: Steam condensate from the power plant was 
used as distilled water. 
Silver Nitrate: Reagent grade silver nitrate solution was 
used to test the presence of Cl ions in the condensate. 
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APPENDIX B 
METHOD OF LEAST SQUARES EQUATION 
The type of equation used for analyzing the data and 
result is 
where B 1 , B 2 , B 3 , and B 4 are least squares constants and 
x 1 , x 2 , x 3 , and x4 are parameters computed from independent 
variables, and Y is the dependent variable. 
The program used for the computation of least squares 
constants is given in this appendix. It was prepared in 
Fortran IV language, and was run on IBM 360 system. 
/JOB GO YB RAO 
/FTC LIST 
c C** 52711CNX040 RAO Y 8 03/06/67 RACS 0001 002 
c GENERAL LINEAR MODEL. ESTIMATE OF THE BETA AND STANDARD 
c DEVIATION OF THE BFTA AND THE ERROR. 
c N IS THE NUMRER OF PAIRS OF DATA ND NP IS THE NUMBER OF BETA. 
S.OOOl D I MEN S I 0 N Y ( 3 0 ) , X ( 3 0 ) , G ( 3 0 , 2 0 ) , G T G ( 2 0 , 2 0 ) , C ( 2 0 , 2 0 ) , G T Y ( 20 ) , B ( 2 0 ) 
s.oooz DIMENSION YI( 10,30) ,X1Cl0,30) ,X2(10,30) ,X3( 10,30) ,X4( 10,30) 
S.0003 WRITE (3,200) 
S.0004 READ( 1, 100) N 
s.ooos NP=4 









5.0015 Q V= W 1 * ( H 1-H 2 ) 
S.0016 QD=QT-QV 
5.0017 50 HTC=QD/OT 
S.0018 5 1 A= E XP ( 2 • 3 0 3 * ( 6.- ( 16 6 9. I ( T C 1 + 2?. 8. ) ) ) ) 
S.OOl9 52 Pl=3.665*A 
s.oozo 53 BB:EXP(2.303*(6.-(1669./(TC2+228.)) )) 
S.0021 54 P2=3.665*BB 
S.0022 55 PE=Pl*0.96 
S.0023 56 DP=PE-P2 
S.0024 57 WTC=Wl/DP 







































DO 99 N S= 1, 1 
DO 81 I= l, N 





DO 2 I=l,N 
2 WRITE(3,104)Y(I),(G(I,J),J=1,NP) 
WRITE(3,105) 
DO 11 J= 1 ,NP 
GTGCJ,J)=O.O 
00 ll I=l,N 
11 GTGCJ,J)=GTGCJ,J)+GCI,Jl*GCI,J) 
NPMl=NP-1 
DO 12 J=l,NPMl 
JPl=J+l 
DO 12 K=JPl,NP 
GTGCK,J}=O.O 









































DO 14 J=l,NP 
GTY(J)=O.O 
DO 14 I=l,N 
14 GTY(J)=GTY(J}+GCI,J)*Yli) 
YTY=O.O 
DO 4 I=l,N 
4 YTY-YTY+Y(l)*Y(I) 
INVERSE GTG MATRIX 
NPl=NP+l 
NP2=NP*2 
DO 23 I=l,NP 
I l=NP+I 
DO 23 J=NPI,NP2 
IF( II-Jl21,22,2l 
21 GTGCI,J)=O. 
GO TO 23 
22 GTGCI,Jl=l. 
23 CONTINUE 
DO 27 I=l ,NP 
62 TEMP=l.O/GTG(l,l) 
NPI~I+l 
DO 24 J=NPI,NP2 
24 GTGCI,J)=GTGCI,Jl*TEMP 
DO 27 K=l,NP 
IF( I-KJ25,27,25 
25 DO 26 J=NPI,NP2 
26 GTG(K,J)=GTG(K,J)-GTG(K,I)*GTG(I,J) 
27 CONTINUE 
DO 28 f·=l,NP 
DO 28 J=NPl,NP2 
L=J-NP 
28 C(I,LJ=GTG(I,J) 








5.0088 DO 15 J:l ,NP 
5.0089 15 8 ( I ) = B ( I ) +C ( I , J ) * G T Y C J) 
5.0090 ROTB:O.O 
5.0091 DO 6 l=l,NP 
5.0092 6 ROTB-ROTB+B(I)*GTY( I) 
5.0093 SSE=YTY-ROTB 
5.0094 EDF=N-NP 




s.oo99 DO 7 l=l,NP 
5.0100 BSTOV=(C(J,I)*SSEM)**·5 
---S.OlOl WRITE(3,105) 
S.Ol02 1 WRITE(3,107)l,B(l),ASTDV 
s.otoJ WRITEC3,105) 
5.0104 WRITE(3,10A)ESTOV 
s.otos 99 WRITEC3,500) 
s.oto6 100 FORMAT(5110) 
-----------
s.o1o1 200 FORMAT( lHl) 
s.otoa 300 FORMATC7Fl0.2) 
5.0109 400 FORMAT(l3F9.2) 
5.0110 104 FORMATC10Fl0.4) 
S.011l 105 FORMAT(/) 
S.Oll2 106 FORMAT(8H BETA,6X,9H ESTIMATE,4X,lqH STANDARD DEVIATION) 
--
S.Ol13 107 FORMAT(I7,7X,El0.4,8X,El0.4) 
S.0114 108 FORMAT(8H ERROR,24X,El0.4) 
5.0115 500 FOPMAT(/////) 
5.0116 CALL EXIT 
S.Oll7 END 






This appendix includes the characteristics of the 




gm. glass wt. per Wt. per Thick-
Set* fiber per unit area unit ar~a ness Density
3 No. 0.12 ft.2 gm./cm. 2 lb./ft. Inches gm./cm. 
I 0.25 Not measured 
I 0.50 .0089 .0182 .022 .16 
I 1 • 0 .0147 
-· 0300 .038 • 15 
I 2.0 .0280 .0472 .060 .18 
I 4.0 .0623 • 1270 • 141 .17 
II 0.25 .0091** .0186 .019 .19 
II 0.50 .0091 .0186 .021 .17 
II 1.0 .0183 .0374 .044 • 16 
II 2.0 .0308 .0630 • 114 • 11 
II 4.0 ----Not weighed---- • 105 -
Make up ~uantity for 0.12 
ft. membranes 
Teflon Alum 
Fiberglas (So~id Al 2 (so 4 ) 3 ~- bas1s )gm. gm. 
• 25 • 11 2 .05 
.so .225 .10 
1. 0 .45 • 20 
2.0 .90 • 40 
4.0 1. 80 .80 
• 25 • 112 .os 
' .50 .225 • 10 
1. 0 • 45 • 20 
2.0 .90 • 40 
4.0 1. 80 .80 
Average density of all the membranes compressed = 0.274 gm./cm. 3 
* Set No. II is a duplicate set of membranes prepared in the same manner at a different time. 0\ 0\ 
TABLE B.1 (continued) 
**Data on this membrane are probably in error due to mix up with another membrane, prob-
ably after the mass transfer experiments. 




DATA AND RESULTS 
This appendix includes the experimental data taken 
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during the investigation and results obtained. The vapor 
pressures of water at the salt water and fresh water are 
obtained from the respective temperatures. 
TABLE I 
Membrane 0.25 (Set I) 
Temp. of Temp.of V.P.Dif- Power Amt. of Flux Heat Mass 
Salt Fresh ference Input Conden- of Trans. Trans. 
Water Water sate Water Coeft. Coeft. 
0 0 DP, in. Watts w, NA, u ' ~' t , F tf' F s of Hg ml./hr. c lb./hr. Btu./hr. lb./hr. 
sq. ft. sq. ft. sq. ft. 
OF in. Hg 
140.00 133.97 0.62 5.00 4.90 0.43 38.12 0.6() 
140.1~ 134.42 0.5q 5.00 3.20 . 0.29 66.75 0.4q 
J 4.0 _!__3 6 _________ 13_4_. Q_<f _ _ -- 0 ~8 __ s.oo __ h_2_(l ___ 9_~ _ Z9 6_7_!_&_1 ____ _____ Q_.5_0 __ 
140.54 135. 14 0.54 5.00 3.20 O.Z9 71.23 0.53 
141.08 135.77 0.5"3 s.oo 3.00 0.27 76.08 o.so 
141.44 136.04 0.55 5.00 3.20 0.29 71.23 o.sz 
141.62 -136.22 0.55 s.oo 3.00 0.27 74.81 0.49 
141.98 136.40 0.58 5.00 3.20 0.29 68.94 0.49 
,_t9_t!.~ 8 ____ ___ 1_$_3_._9_2 _____ 2._.J.l_ ____ 1 o. Ql) ____ 9. ~_Q __ _____ _Q~_.e_ ~ _ ____ __ -~-~ ~-IQ _________ ___ ') _._ 38 _ 
192.38 1R4.R2 2.20 10.00 1.80 0.70 R 1.90 0.32 
lq2.47 185.4'5 2.00 10.00 7.00 0.63 99.44 0.31 
193-19 185.99 2.10 10.00 7.6') 0.68 8~.75 0.32 
193.82 1A6.44 2.19 10.00 7.20 0.64 91.92 o.2q 
194.00 l8n.80 2.1"3 10.00 7.20 0.64 94.22 0.30 
Jq4.1S ____ 1 B7._QJ ___ _ 0JO 10.00 7.40 
- -- 0. 6_6 ___ _____ ~1_._Q_l_ -- ---- - g_ ~ ~ 2 















tf , F 
V.P.Dif- Power 
ference Input 
DP, in. Watts 
of Hg 
160.97 153.68 1.20 10.00 
16-~r~cf4---r55. 4 8- --- -- · -r~lo -- ----- -·ro· ~oo 
164.39 156.65 1.37 10.00 
I 164.8 4 1 51. 31 1. 3 3 1 o. o o 
16 4 • R 4 1 56. 9 2 1 • 4 2 rrr:-u-oH 
164.12 155.75 1.50 10.00 
190.40 182.75 2.16 15.00 
·-r9z-:-6s··----1ss:-4s- -·-- --·· 2 .oR I5~oo 
195.35 187.70 2.35 15.00 
198.50 190.40 2.66 15.00 
s-a. 6o tao. 95 z. 1 o 1-,.--o-o 
193.10 185.00 2.43 15.00 
194.00 185.45 2.64 15.00 
·rt1-.-:rz--- - ·12<r.·o2 ---·--· · · · o ~ 5 s 5. o o 
126.50 119.12 0.59 5.00 
125.60 118.40 0.56 5.00 
124.97 117.95 o.s4 ----s:-cro 
124.70 117.23 0.58 5.00 
124.25 116.78 0.57 5.00 
-· -
Amt. of Flux Heat Mass 
Conden- of Trans. Trans. 
sate Water Coeft. Coeft. 
W, NA, u ' ~' 
ml./hr. c lb./hr. Btu./hr. lb./hr. 
sq. ft. sq. ft. sq. ft. 
OF in. Hg 
1.20 0.64 94.96 0.54 
--6-~no------- ---o- ~-,-4 --Tnl>-~8 ,.---o-~ 41 __ _ 
7.10 0.64 90.59 0.46 
5.90 0.53 109.38 0.40 
~0~----- o.s 
6.10 0.55 95.33 0.36 
10.00 0.90 143.38 0.41 
-1n .-4o·- ·- ·------ n-.-<rl- ·- ·--I4o. 7b __ ___ -· o :-·4·s· 
9.20 0.82 153.46 0.35 
9.60 0.86 139.92 0.32 
o.oo 0.90 144.31 0.4 
9.00 0.81 148.17 0.33 
9.00 0.81 140.34 0.31 
·-· 3.-40 -- ·· --o ~"3o - - 5 r. 1 3 -- - o -~ s z--
3.00 0.27 55.0R 0.45 
2.60 0.23 61.79 0.41 
z.z-o--
2.40 0.21 62.10 o.37 I 
















DP, in. Watts 
of Hg 
151.70 138.65 1.90 10.00 
10.00 
10.00 
154.40 14l.AO 1.94 
158.45 146.30 2.03 



































163.40 tso.so 2.3Z 1o.oo 6~1o o.ss 6Z.64 · o.z~ 
164.75 152.15 2.39 10.00 6.70 0.60 57.94 o.zs 
zoo.66 188.24 4.53 IS.oo 11.oo- o:-9-a--------.,q;lz..------ ---o- ~· zz.---
199.58 188.24 4.02 15.00 14.70 1.32 54.45 0.33 
198.50 188.42 3.46 1s.oo to.6o o.9s 101.so o.z1 
199.40 l8R.60 3.80 15~0 
200.30 188.60 4.22 15.00 9.60 0.86 96.15 o.zo 
199.85 188.60 4.01 15.00 9.60 0.86 100.02 0.21 
199.85 Is9.5o 3.65 ts.rro ---ra:-z-cr-·----·o:91 _____ lo·z-~·94- -- ·o~- 25 
200.30 190.40 3.49 15.00 10.10 0.90 108.61 0.26 
127.40 116.15 0.96 s.oo 3.60 0.32 30.79 0.34 
l1zs.6o 114.35 o.92 s.oo 3.zo o.z9 34.24 0-3 
124.25 113.00 0.89 5.00 Z.90 0.26 36.82 0.29 
123.80 112.55 0.88 s.oo 2.50 o.zz 40.Z5 o.zs 
T£4:z-s---rT:r.4,------o~· s-s- s.oo z.so -----o~zz- ---- -- 41"~92. ·o.26 














Membrane 2.0 (Set I) 
V. P. Dif-. Power 
ference Input 



























lq9.40 188.60 3.80 15.00 11.00 0.9A ql.37 0.26 
_l _g_g_.zz _____ u_a._~.z_ _________ 3 .1_9_____ ts ~ OQ 10.2 o ____ _ __ Q_~~l __ _ ________ QR ~ :r_s_ o. 24 
199.04 188. 2 4 3. 77 15.00 10.00 0. 9 0 100.60 - --- -----0 ~ -24 
198.77 187.97 3.76 ts.oo 9.1~ o.87 1oz.a2 a.z, 
1198.50 187.70 3.74 __ l2_!00 10.00 0._90 100.62 0.24 
3.63 ts.oo to.Jo o.9Z to0.36 o.z~ 
199~40 l88.P7 3.69 15.00 10.20 0.91 101.27 0.25 
l6.5_._9_t ____ __  l _5l._1fr ____ ____ 2~16 _ _ _ lO.O_Q __ ___ 6.80 ___ ____ __ 0-.61 ______ ___ ?9.55 ___ _____ () __ .. _ ~-~ 
152.60 2.86 10.00 6.60 0.59 51.27 0.21 
!53.95 2.82 10.00 6.nry 0.54 57.14 o.tq 
1167.9 .. , 154.85 2~ _ __ _l_f.).OO _ 6.0_Q 0.54 6l.OA 0.20 
155.75 2.68 10.00 6.20 0.56 59.55 0.21 
157.10 2.75 10.00 6.ln 0.55 60.Z8 0.7.0 
5.00 4.00 0.36 23.01 0.27 
s.n.o 3.oo o.zz Z9.BR o.2o 
5.00 2.2~ 0.20 35.26 0.16 
1 ,_ ". '" .... u •• .., _h2L __ ______ ~.oo _________ _1_~~-Q ___ Q.23 32.75 0.1~ 1.27 s.oo 2.60 0.23 l2.75 0.18 
1.33 s.oo z.6o o.23 31.6q o.te 







t , F tf' F s 
TABLE V 
Membrane 4.0 (Set I) 
V.P.Dif- Power 






















sq. ft. sq. ft. 
oF in. Hg 
2nn·-;-3-o rcro.~o 3.'+9 1s.rro 11.o·o o~-9-8 1or~ 16·- - ·-- -·-- o.2a 
199.85 189.q5 3.46 15.00 10.80 0.97 103.16 0.28 
199.40 189.50 3.44 15.00 10.00 0.90 111.03 0.26 
rqq-;z;o 189.50 3.~ rs.oo -cr.7o-----u-;rr---rrJ;rn- - -u-;z 
199.58 189.95 3.34 15.00 10.10 0.90 112.69 0.27 
199.58 190.40 3.15 15.00 10.40 0.93 114.91 0.30 
--r3r.q-a--TT7-~ ·u;·- ----r;n---- -s-;-oo - -- ------ "J -~6-o---------o;rr- --- ·· z1~ 11 ___ - ---· -o.it 
133.07 117.50 1.50 5.00 2.60 0.23 28.46 0.16 
133.70 117.50 1.58 5.00 2.80 0.25 26.17 0.16 
I 3 2. 8 q II 7. 9 5 I • 4 4 ~-o-- - ----r.-3-o 0. 2 y---3r. 6 l ----rr;-r 
134.96 120.20 1.49 5.00 2.60 0.23 30.04 0.16 
136.22 122.00 1.48 s.oo 2.40 0.21 32.53 0.15 
T73~""J"o----rs-q ;so ·---------3-;-o2 - -- ---- to~oo - ··7 .4o o.66 -·- 49.26 o.zz 
174.65 160.70 3.21 10.00 6.40 O.S7 54.64 0.18 
174.65 160.25 3.31 10.00 6.70 0.60 50.94 0.18 
...--4 o2 rsq-;-s-a 3·.23 ro.oo 6:.-7o- -----u-;oo -- ---- -51-.-63-- - --cr.r 
173.84 
173.84 
159.62 3.22 10.00 6.40 0.57 53.73 0.18 






t °F 0 
s' tf' F 
TABLE VI 
Membrane 0.25 (Set II) 
V.P.Dif- Power 
ference Input 







Flux Heat Mass 
of Trans. Trans. 
Water Coeft. Coeft. 
NA, u ' c ~' 
lb./hr. Btu./hr. lb./hr. 
sq. ft. sq. ft. sq. ft. 
OF in. Hg 
134.87 129.65 0.46 5.00 4.40 0.39 51.9H 0.86-
135.32 130.28 0.44 5.00 3.60 0.32 69.07 0.73 
135.50 130.46 0.44 s.oo 3.48 0.31 71.37 0.70 
135.59 136.55 o.44 s.oo z.CJZ o.26 s-z:ns "CJ"3l1 
135.96 130.55 o.4B s.oo 3.44 o.31 68.49 o~64 
1~6.04 130.55 0.50 5.00 2.96 O.Z7 74.64 0.53 
T17 ·'•4 ---rro:-42 r:·s-s ro.oo ·a-:-otr----o-;-r-z--- ao-~sl o-;4·a · 
177.44 170.24 1.60 10.00 7.20 0.64 95.16 0.40 
177.26 170.33 1.52 10.00 6.80 0.61 104.51 0.40 
177.26 11o.s1 1.47 Io.oo 6.6o o.s9 IIO.I9 o.4o 
177.35 170.60 1.47 10.00 7.00 0.63 104.43 0.4-3 
177.53 170.60 1.52 10.00 7.00 0.63 101.74 0.41 
21rr~ CTr 1 94.lfl ___ --z-:3s--- l s-~1m- - ----rr.zu-- · - --- -- r.-oo---- -· T3? -.1 o--· -- - -o ~ 4 2 
202.91 196.07 l.29 15.00 10.80 0.97 148.83 0.42 
203.45 }q6.70 2.27 15.00 9.00 0.81 177.04 0.35 
'Z 0 3 • ~ 1 1 9 7 • o 6 2 • 2 9 IS • o 0 CJ • 0 7l -- 0 • 8 I 17 7 • 0 z-----{}.'3-s-
203.90 197.42 2.16 15.00 10.00 0.90 169.16 0.41 





t °F 0 
s' tf, F 
TABLE VII 





























oF in. Hg 
r I 3 3 • 2 s - -- 1-2 a. f2 o ~ 4 3 s • o o . 3 ~ 6 o. -o • 3 4 . -6-4 ~ z-z - -b-=-~-a-
133.16 . 12R.57 0.37 5.00 3.20 0.29 84.31 0.77 
133.16 128.84 0.34 5.00 3.00 0.27 94.04 0.?9 
131.43 129.02 0.35 5.00 2.90 0.26 94.31 0.74 
133.97 129.20 0.40 s.oo 3.10 o.zs 83.16 0.70 
171.32 165.65 1.04 10.00 7.80 0.70 ll0.7Z 0.67 
~i1.so 165.38 1.16 1o.oo 6.sa---o-:-or----Trs~-4-a------u~s ·z-- -
17t.so 165.56 1.1z 1o.oo 6.so o.5a 121.oa o.sz 
171.77 165.83 1.12 10.00 6.50 0.58 127.07 0.52 
112.o4 166.3? 1.06 1o.oo 6.5o o.sa 133.Io o.s~ 
202.82 195.35 2.57 15.00 11.40 l.OZ 128.37 0.40 
204.80 197.51 2.57 15.00 10.60 0.95 142.35 0.37 
~ -2<YS.T6 ____ rcrr. 96 ---z--:--s-s 1s. oo-----ro--:-2o- ---------lJ-.-91 --- - - -r4-9 .-61 --- - --- ·o. 36 
205.25 198.14 2.51 15.00 10.30 0.92 150.21 0.37 






t °F 0 
s' tf, F 




~36.31 128. 9~ 
137.66 l30.2R 
133.20 131.00 
_13B_._3A _ 1 31.00 
201.56 194.00 
20l.q3 I 94. 4 '5 




202. 1 0 194.63 
20?.10 194.!-3 
1A8.r,? 160. 2 5 
169.?'l 160.70 
l60.7Q 161.15 
17Q.Q6 __ - l6l. ~ -7 
170.'+? 162.32 
171.0'5 162.77 
172.13 163. A 7 
TABLE VIII 
Membrane 1.0 (Set II) 
V.P.Dif- Power 
ference Input 
























































NA, u ' c 
lb./hr. Btu./hr. 
















































































































oF in. Hg 
c.-os -· ~-s-~-·oa - - --4--~4o o. 39 29 .o 3 o. 38 
1.0~ 5.00 3.20 O.l9 40.17 0.27 
1.14 s.on z.so o.zs 41.82 0.22 
1.16 5.00 3.00 0.27 38.9l 0.23 
1.16 5.00 2.RO 0.25 40.40 0.22 
1.18 5.00 5.80 0.52 12.90 0.44 
3.04 ts.oo 1o.4o o.-93 ____ f24~--o2 · ----- ·a ·. 31 
3.0R 1s.oo 9.60 o.q6 130.52 o.zs 
3.21 15.00 9.80 0.88 123.23 0.27 
3.25 ts.oo 9.40 o.s4 I26.Z.9 o-.26--
3.29 15.00 10.00 0.90 118.69 O.Z7 
3.21 15.00 9.6G 0.86 125.34 0.27 
2 • 1" 1 o • o o ---e ~-oo- · · · ----o-. ?l- -- s 4 ~-a 1 · - o • 2 6 
2.76 10.00 7.40 0.66 59.21 0.24 
2.65 1o.oo &.qo o.61 66.02 0.23 
2. 62 to. oo 6. 67) o. 59 ~-a. 38 o.2·r--
z.7o 1o.oo 1.20 o.64 6t.so o.24 






t °F 0 
s' tf, F 
TABLE X 





























oF in. Hg 
175.82 163.67 z.a4 1o.oo- -s~oo· 0.12 ~-SO.o7 ~-o~-z 
175.82 163.94 2.77 10.00 7.00 0.63 59.39 0.23 
176.00 164.03 2.81 10.00 6.80 0.61 60.56 0.2l 
m q 16 3. 94 2 • 8 5 1 0. 0 0 6. 4 0 0. 57 6 2. 8 ·s -o-~ ·2·o·---
176.09 164.30 2.76 10.00 6.20 0.56 66.41 o.zo 
176.09 164.66 2.67 10.00 6.60 0.59 65.09 o.zz 
134. 60 121J.2-a-· 1. 44 s. oo-· 4. uu----o-~-16 --~--- ·-zl ~ 3 4 ~~---- - -o. z s · 
134.60 120.29 1.43 s.oo 3.00 0.27 28.23 0.19 
134.60 120.38 1.43 5.00 3.00 0.27 28.42 0.19 
134.69 12o.38 1.44 s.oo 3.zu o.z9 zo.9--o -o:-2-o·--
134.87 120.47 1.45 5.00 2.80 0.25 29.41 0.17 
134.78 120.38 1.45 5.00 3.02 0.27 27.93 0.19 
- -r99.40--TBt:TO ~~~s---,5-~-mr-- -rr~-b-o·- --- - -- ---r.o4 · -· -·~ -79.75 -- - o.zs 
1q9.58 188.42 3.95 15.00 10.00 0.90 97.77 0.23 
199.76 188.60 3.q6 15.00 9.9Z 0.89 98.51 0.22 
1 9 9 • 6 1 1 as • 6 9 3 • e 9 1 s • o o 9 • R g o:-s-s t c-o • s 1 o • 2 ~ 
199.58 188.78 3.81 15.00 9.60 0.86 104.74 0.23 




Data Used for Least Squares Analysis 
ts,oF tf,or 6T AP NA ~ l<M Membrane Power Thickness Input 
X 
203.90 197.42 6.48 2.16 0.90 169.16 0.41 o.zs 15.00 
135.50 130.46 5.04 0.44 0.31 71.37 0.70 0.25 5.00 
111 ~ .5 .3__l 7~_Q__ _ __ 6~_93 ________ 1_. 52 __ _:12!' _63. ____ .1Q1~ I4 ____ p_! ~J. . ______ Q._lS _____ lO .. OO 
lq3.19 185.99 1.20 2..10 0.68 88."75 0.32 0.25 10.00 
141.44 1~6.04 5.40 0.55 0.29 1l.Z3 0.52 0.25 5.00 
11s.7o 167.45 tl.22-_ _ z_.76 o.66 s9.21 o.24 2.on 10 an 
124.25 113.00 11.25 0.89 0.26 36.8l 0.29 1.01 5.00 
169.79 161.15 8.64 1.73 0.64 79.l7 0.37 1,0() 10.00 
134 ., _  6!l__ t_2_0_,_31L ____ l4_. _3l ______ ___ 1 • .44 __ .. ______ Q. 29_ ___ __ _ .2.6.!. 9 Q _____ Cb_Z.O_. -- -~-_._(t'L ____ _ . 5 .oo 
199.58 189.95 9.63 3.34 o.qo 112.69 0.21 4.no 15.oo 
174.02 159,AO 14.22 3.23 0.60 51.63 0.19 4,00 10.00 
._204.BO 197.51 1.29 z.s1 o.95 14_~.35 o.37 o.sn 15.oo 
199.~'> 189.50 10.35 3.b5 0.91 102.94 0.25 1.00 15.00 
176.00 164.03· 11.97 2.81 0.61 60.56 n.22 4.oo 10.00 
_l71~.1l ______  l.6_5. _~ _8_3_ _______ 5_~ _9_4 _____ ___ _l .1_2 ___ __ Q_. 58 _ ____ _1 ZJ. _OI ____ JJ~. -~Z ________  _9 _._SO __ __ ___ 10.00 
158.45 146.30 12.15 2.03 0.5'7 6Z.63 0.28 l,nr) 10.00 
201. 3q 192.29 9. 09 3. 21 o. 88 1 z 3.23 o. 2 7 2. on 15 .oo 
140,()0 130.37 9.63 l.OA 0.29 40.17 0.27 2,0') 5.00 
199.5~ 188.42 11.16 3.9S 0.90 97.77 0.23 4.00 15.00 
202.1~ 194.qQ 7.2.0 2.43 0.90 \52.64 0.37 1.0'1 15.00 
19 9~ _Q.1 ______ l8.8 __ ~_Z4 __ __ _j_ fl.~JLQ _____ _ . ___ 3 ~_7I__ _ _ __Q~ 90 _ .J Q._Q._~Q __ ___ ___ i'..!. 24 __ _______ 2_._f'l'L . . ___ .15. oo 
193.10 185.00 8.10 2.43 0.81 14g.l7 0.33 0.51 15.00 
1 6 1 • 9 o 1 s 3 • 9 s 1 3 • 9 5 2 • az o • s 4 '5 1 • 1 4 o • 1 9 2 • n n 1 o . oo 
113 • z s 1 1 9 • 1 s 1 _~ • so 1 • 3 1 o. z 1 2 9 • a a n • 2 o 2 • 'l 'l .i..JlQ 
1~3.07 111.sn 15.57 1.so o.23 28.4~ 0.16 4.00 5.oo 
12 s. 6'1 118. 40 7. 20 0. 56 0. 2 3 61 • 7 q 0. 41 (). 5 ') 5. 00 
161.04 . 155.48 7.56 1.30 _0.54 106.85 _Q.41 Q. _S_'l __ . ___ 10.00 
1 3 3 • 16" . 1 2.8 • 5 7 4. 59 () • 3 7 0 • 2 q 8 4 • 31 0. 7 7 0 • s ') 5 . 00 
1 l8 • 2 0 l 31 • 0 0 1 • 2 0 0 • 74 0 • 3 0 5 1 • 1 A 0 • 4 l 1 • 0 0 5 . 00 -J \!) 
TABLE XII 
Results (Set I and Set II) 
Membrane Power ~ 1/~ ~ 1/~ Thickness Input Set I Set I Set II Set II gms. Watts Avg. Average Avg. Avg. 
0.25 5 0.53 1.90 o. 68 1.47 
0.50 5 0.41 2.44 0.76 1.32 
1.00 5 0.28 3.57 0.42 2.38 
2.00 5 0.19 5.25 0.29 3.44 
4.00 5 0.16 6.25 0.20 5.00 
0.25 10 0.32 3.13 0.42 2.38 
0.50 10 0.42 2.38 0.56 1.79 
1.00 10 0.27 3.70 0.37 2.70 
2.00 10 0.20 4.90 0.24 4.17 




0.50 15 0.37 2.70 0.37 2.70 
1.00 15 0.25 4.03 0.36 2.78 
2.00 15 0.24 4.10 0.28 3.57 
















































The program used for the computation of experimental 
data is given in this appendix. It was prepared in Fortran 
IV language and was run on IBM 360 system. 
S.OOOl 
YB RAO 




















' 5.0021 IF(Xl)20,20,30 
0000 
5.0022 200 FORMAT(lHl) 
s-;Oll2-3 3mJFDRMA-TT7FTcr.-l~--------------------J 
S.0024 400 FORMAT(l0Fl0.2) 
S.0025 30 STOP 
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